The reaction mechanism of neutral phenol with formaldehyde in aqueous solution was studied theoretically by using the GGA-PW91/DNP+COSMO method. In previous studies, it was found that the water molecules can mediate proton transfer from nitrogen to oxygen, but the results of this study show that water molecules can also catalyse proton transfer from carbon to oxygen. With the mediation of water, the energy barriers were greatly lowered. The calculated energy barriers indicate that the para-position of phenol has higher reactivity than the ortho-position. The reaction occurs in a concerted mechanism. However, the process exhibits asynchronous characteristics, particularly the C-C bond formation precedes the proton transfer and the proton transfer from water molecules to the carbonyl oxygen is ahead of proton abstraction from the benzene ring.
INTRODUCTION
The nucleophilic addition reactions between water or amino compounds and carbonyl compounds are fundamental reactions in organic chemistry. In the past one or two decades, the typical reactions of nucleophilic reagents (H 2 O, NH 3 , CH 3 NH 2 , etc.) and formaldehyde were studied theoretically [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In the hydration of formaldehyde (reaction (1) in Scheme 1), it was found that the potential energy barrier can be significantly lowered due to the catalytic effect of water [1] [2] [3] [4] [5] [6] . There are similar findings that water molecules play a catalytic role in amination reactions of ammonia (NH 3 ) and methylamine (CH 3 NH 2 ) with formaldehyde [7] [8] [9] (reaction (2) in Scheme 1). In an earlier theoretical study, Hall and Smith [7] pointed out that the addition between formaldehyde and methylamine has a concerted mechanism under neutral conditions in the gas phase, whereas a zwitterionic-like (ZW) structure was found when specific water molecules were included in the theoretical model either in the gas phase or in the polarisable continuum model (PCM), indicating such a reaction may occur with a stepwise mechanism. Woon [8] and Courmier et al. [9] further studied the reaction of formaldehyde and NH 3 at a higher theoretical level. It was found that the water molecules also have a catalytic effect on the reaction, but they did not specify the presence of a ZW-like intermediate. In recent theoretical studies, Sato et al. [10, 11] re-examined and compared the neutral hydration and amination of formaldehyde using a conventional quantum chemistry www.prkm.co.uk method and full quantum mechanical fragment molecular orbital-based molecular dynamics (FMO-MD) simulations. The results showed that the hydration proceeds via a concerted mechanism with asynchronous character in both the gas phase and PCM solution. However, the amination occurs in a stepwise mechanism and a ZW-like intermediate exists on the potential energy surface when specific water molecules were introduced. In our recent study, the reaction between formaldehyde and urea (reaction (3) in Scheme 1) was investigated by using the B3LYP method [12] . In urea, the strong p-π conjugation between the nitrogen atom and the carbonyl group causes delocalisation of the electrons on the nitrogen reducing the nucleophilicity of the amino group. Therefore, urea is a weaker nucleophile than NH 3 or RNH 2 . The study showed that the addition reaction between formaldehyde and urea proceeds via a concerted mechanism but with asynchronous character. Specifically, the addition between the urea nitrogen and the carbonyl group precedes the proton transfer from nitrogen to oxygen. Further, the ZW-like intermediate does not exist on the potential energy surface. It was found that solvent water molecules can also catalyse the process of proton transfer and significantly reduce the reaction energy barrier. Similar results were also obtained for the melamine-formaldehyde reaction [13] . Phenol-formaldehyde (PF) resin is the earliest industrialised synthetic polymer material [14] [15] [16] . In the field of wood processing, PF resin is one of the major adhesives and currently it is widely used for manufacturing panels (plywood, oriented strand board, fibre board, etc.), glulam and laminated veneer lumber [16] . Two types of reaction are mainly involved in the synthesis of PF resin, namely, hydroxymethylation followed by polymerisation between hydroxymethylated products. Due to the effect of the phenolic hydroxyl group, the ortho-and para-positions of phenol are activated and become more nucleophilic than benzene. When attacked by formaldehyde, these active positions generate o-or p-(hydroxymethyl)phenol that can continue to react with formaldehyde, producing di-or tri-(hydroxymethyl)phenols. Thus, the product of the reaction is a mixture of these compounds. www.prkm.co.uk Although phenol can act as a nucleophile, its reactivity is relatively low because the nucleophilic centre is a carbon atom in an aromatic ring. Therefore, in the synthesis of PF resin, basic or acidic catalysts are generally used to speed up the reaction [14] . For example, in alkaline solution, the phenol is converted to phenolate and becomes a much stronger nucleophile than neutral phenol. Despite this, as a study of a fundamental organic reaction, it is still interesting to investigate the behaviour of the neutral phenol because some details related to the reaction mechanism remain unrevealed. The results obtained can be compared with those previously reported for other nucleophiles. Different from urea and melamine [13] , the nucleophilic centre of phenol is a carbon atom and it is not clear that the reaction between phenol and formaldehyde occurs in a concerted or stepwise mechanism (reaction (4) in Scheme 1). In addition, the polarity of the C-H bond is much weaker than that of the N-H bond in NH 3 , RCH 2 and urea. Whether the proton transfer from carbon to oxygen can be catalysed by water molecules has not been confirmed. To the best of our knowledge, there is no study reported on these issues so far. In the present work, the hydroxymethylation reaction of neutral phenol (P) with formaldehyde (F) was investigated using a quantum mechanics method. The results of the study will provide more details to enable the nature of the reaction to be clarified.
COMPUTATIONAL METHODS
In this work, all computations were carried out using the Materials Studio 7.0 DMol 3 module [17] on Inspur NF5240 servers. All geometrical optimisations and frequency calculations of reactants, products, intermediates and transition states were carried out with the functions of the generalised gradient approximation (GGA) proposed by Perdew and Wang [18] (PW91) in conjunction with the double numerical plus polarisation basis set (DNP). All calculations were combined with the conductor-like screening solvent model (COSMO) [19, 20] , defining water as the solvent (ε = 78.54). All energies of the stationary points were corrected for the zero-point vibrational energy (ZPVE). Figure 1 shows the potential energy profile and structures of the stationary points for the P-F reaction in the absence of water (0W). In this reaction, a reactant complex (RC), 0W-oRC, is initially formed through weak, long distance, P-F interaction. Its energy is slightly higher than that of the energy of P + F. It can be seen from Table 1 that the energy of 0W-oRC is increased and placed above P + F by 0.3 kJ mol -1 because of the effect of the ZPVE. Via the four-membered cyclic transition state 0W-oTS, the 0W-oRC evolved to the product complex (PC), 0W-oPC1, which is o-(hydroxymethyl)phenol. In the structure of 0W-oTS, the C-C bond length between the ortho carbon and formaldehyde is 1.544 Å which is close to a normal C-C σ bond length, suggesting that the C-C bond has been formed, while the C-H bond (1.160 Å) is only slightly elongated. The unique imaginary vibration frequency mainly corresponds to the proton transfer from carbon to oxygen of formaldehyde. These features indicate that the C-C formation is ahead of proton transfer and the mechanism appears to be asynchronous. This is similar to the situations of urea and melamine [16] . The energy barrier between 0W-oRC and 0W-oTS is 212.2 kJ mol -1 . Such a higher barrier indicates that the reaction would be inefficient under low energy conditions. Therefore, in the real solution, this reaction is likely to be catalysed www.prkm.co.uk by water. The o-(hydroxymethyl)phenol has two configurations, 0W-oPC1 and 0W-oPC2. An intramolecular hydrogen bond is formed between the two hydroxy groups in 0W-oPC2 but the bond length (2.265 Å) is much longer than a normal one resulting in a much weaker interaction. Therefore, 0W-oPC2 is only slightly more stable than 0W-oPC1 by 2.9 kJ mol -1 . The two structures are exothermic by 58.2 kJ mol -1 and 55.3 kJ mol -1 respectively. The calculated results for the one-water (1W) catalysed reaction are shown in Figure 2 . Through a six-membered cyclic transition state, 1W-oTS， the hydrogen bonding complex 1W-oRC converts to the product complex 1W-oPC. In the transition state, the C-C bond is almost formed since the short bond length of 1.690 Å is close to a normal one, indicating the C-C www.prkm.co.uk addition is ahead of proton transfer. With the formation of the C-C bond, the C=O bond in formaldehyde tends to be saturated and a proton transfer becomes necessary. Then the water molecule transfers a proton to the C=O group to form the hydroxymethyl group while a proton is abstracted from the benzene ring. However, the two processes are not completely concerted. The short O-H bond of 1.238 Å and the longer O-H bond of 1.624 Å in 1W-oTS clearly show that the proton transfer from water to carbonyl oxygen is ahead of proton transfer from benzene to water. The energy barrier from 1W-oRC to 1W-oTS is 128.1 kJ mol -1 which is reduced by about 40% compared with the 0W reaction. Thus, the water molecule has exhibited a strong catalytic effect in mediating proton transfer. This result confirmed that the proton transfer from C to O can indeed be mediated by water, despite the C-H bond being less polarised than N-H or O-H bonds. The exothermic value of the reaction is close to that of the 0W model. As the exothermicity of the catalysed reaction is not significantly changed, the water does not affect the thermodynamics of the addition reaction. As shown in Figure 3 , the reaction mediated by two water molecules (2W) proceeds via an eight-membered cyclic transition state (2W-oTS). The mechanism of this model is similar to that of the one-water molecule catalysed model. As one more water molecule is involved in the reaction, proton transfer between the water molecules occurs and the energy barrier of the reaction is further reduced to 112.1 kJ mol -1 . For the water-catalysed model reactions, the ZW intermediate was also not located on the potential energy surface. The concerted nature of the reaction remains. Classical theory points out that, in going from a four-membered ring to a six-membered ring, the structure tends to be more stable because the ring strain is decreased. However, the essential reason should be that the increase in the number of water molecules involved in the reaction promotes the delocalisation of charge in the transition state, or it can ease the electron deficiency www.prkm.co.uk in the processes of bond formation and breakage because more electrons are involved and shared in the system. As a result, the energy of the system can be lowered.
RESULTS AND DISCUSSION
As can be seen in Figures 4-6 and Table 2 , the reactions in the para-position are mechanistically similar to that in the ortho-position. The barriers for the 0W, 1W and 2W model reactions were calculated to be 199.1, 110.4 and 101.4 kJ mol -1 respectively, lower than those of the ortho www.prkm.co.uk reactions by 13.1, 17.7 and 10.7 kJ mol -1 , indicating the para-position has higher reactivity. Apparently, the higher reactivity of the para-position is mainly due to the higher electron density of this site, as classical theory has pointed out. The calculated barriers rationalise the experimental observations [21, 22] that p-(hydroxymethyl)phenol is more favoured than o-(hydroxymethyl)phenol and also suggests that the theoretical simulations are reliable. www.prkm.co.uk
CONCLUSIONS
The hydroxymethylation reaction between neutral phenol and formaldehyde has been studied theoretically and the main conclusions are as follows: (1) In previous studies, it was found that the molecules can mediate proton transfer from nitrogen to oxygen. The results of this study show that water molecules can also catalyse proton transfer from carbon to oxygen. With the mediation of water, the energy barriers were greatly lowered. The calculated energy barriers confirmed that the para-position of phenol has higher reactivity than the ortho-position. (2) The reaction occurs in a concerted mechanism, but the process exhibits asynchronous characteristics. Particularly, the C-C bond formation precedes the proton transfer and the proton transfer from water molecules to the carbonyl oxygen is ahead of the proton abstraction from the benzene ring.
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